The multi-phase method is effective in downsizing the power converter system. Because of the multi-phase boost chopper circuit, the output capacitor and the cooling system can be downsized in the case of the boost chopper circuit. Furthermore, the volume of the inductor can be reduced using the transformer-linked method. However, there is little comparative data available on the output capacitor in the boost chopper of the conventional multi-phase method and the transformer-linked method. The purpose of my work was to examine the characteristics of the output capacitor in both the multi-phase method and the transformer-linked method. To evaluate the performance of the downsized capacitor, a voltage ripple analysis has been successfully employed as the index of the volume of the output capacitor. From the experimental results, it was found that there is little difference between the multi-phase method and the transformer-linked method in regard to the voltage ripple of the output capacitor. The experimental results indicate that the performance of the downsized capacitor is the same for the multi-phase method and the transformer-linked method.
Introduction
Recent interest in the miniaturization of the SMPS, the power supply in the consumer electronics and the power converter in Hybrid Electric Vehicle (HEV) and Electric Vehicle (EV) has spurred a great deal of research into the multiphase techniques for the buck and boost chopper system. It is well known that the multi-phase method has a couple of effectiveness for the miniaturization technique. One is the miniaturized cooling system. The other is the miniaturized output capacitor in the buck and boost chopper. In addition to this, the transformer-linked method can achieve the miniaturization of the inductor volume in the multi-phase power converter system (1)- (5) . And the several design method for the coupled inductor of the transformer-linked method has been proposed to achieve the high power density performance in the power converter system (6)- (10) . When the coupled inductor is designed on the basis of the method that is shown in reference (12) , the coupled inductor can be miniaturized to approximately half size as compared with the non-coupled inductors. In fact, Fig. 1 shows the comparison result of the inductor size of the transformer-linked and non-coupled methods in multi-phase boost converter. The experiment was evaluated under the condition of the same inductor ripple current and flux density between the transformer-linked and the noncoupled inductors. From this result, the effectiveness of the Fig. 1 . Comparison result of the inductor size of the transformer-linked and non-coupled methods in the multi-phase boost converter transformer-linked method boost converter is clear in terms of compact, lightweight and the lower cost points of view.
However, there is little comparative discussion of the capacitor size in both the conventional multi-phase method (non-coupled method) and the transformer-linked method.
In this study, the capacitor size of the multi-phase noncoupled method and the transformer-linked method has been discussed by using the voltage ripple analysis of the output capacitor in the boost chopper system. Furthermore, the comparative data of the capacitor size between the noncoupled method and the transformer-linked method are evaluated from the experimental point of view.
Characteristic Analysis Method
Main factors which determine a capacitor size are capacitance value and withstand voltage. Withstand voltage is decided by an output voltage's specification of the circuit. On the other hand, all capacitance value can be applied to a circuit if the output ripple voltage is suppressed within the c 2013 The Institute of Electrical Engineers of Japan. standard of it. Therefore, the possibility of downsizing is discussed with how much the capacitance value decreases in this paper. An equation (1) shows the relational equation among capacitance value C, voltage V c which is generated on the capacitor, and charge Q c . V c = Q c C · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (1) It is understood from above equation that ripple voltage which is generated on a capacitor is determined by capacitance value C and charge Q c . Ripple voltage ΔV c is a parameter which decides a circuit performance so that it is suppressed until the standard value generally. Hence, the range of ripple voltage ΔV c is possible to evaluate the capacitance value C by the range of the charge fluctuation ΔQ c . Therefore, first of all, it is required to analysis charge fluctuation ΔQ c of an output capacitor for discussing downsizing of a capacitor. Charge is calculated from time waveform's density of capacitor current because of time integration of current.
However, current waveforms of an output capacitor depend on a condition such as inductor current or duty ratio d. It means that a part of calculating density for charge differs. For that reason, by adapting the change of waveform, it is needed to change the equation to calculate the density.
Characteristic Analysis of Single-phase Method
A charge characteristic analysis of the output smoothing capacitor of the single-phase method, which is shown in Fig. 2 , is carried out in this section. The charge quantity of when the capacitor current is positive is equal to the one of when the capacitor current is negative by discharge and charge equilibrium condition of a capacitor. For that reason, the quantity of the charge fluctuation can be calculated by means of the calculating the charge quantity of the discharge or charge time in case of analyzing charge fluctuation. Assuming that the diode current is i d , the current waveform of the output smoothing capacitor should be described as Fig. 3 . The current I dp and I Lpp show the peak value of the diode current and ripple value of the inductor current respectively. In this time, each peak value of the output smoothing capacitor current is expressed as I c A sin = I dp − I o · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2) I c B sin = I dp − I Lpp − I o · · · · · · · · · · · · · · · · · · · · · · · · · (3) And also, the charge quantity of the discharge and charge time can be calculated from these equations of the peak value. At this point, the time integrated values of the current i d which is supplied from the diode and current which is outputted to the load for one switching cycle became equal. That's why the following equation is derived.
· I dp + I dp − I Lpp · T off = I o · T s · · · · · · · · · · · · · · · (4)
On the other hand, because the peak value of the diode current I dp and relational equation of the average inductor current I L , and I Lpp is expressed as the equation (5), the output current I o is described as equation (6) from (4) and (5) .
I dp = I L + 1 2 · I Lpp · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (5) I o = I L · (1 − d) · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)
In case of single-phase method, there are two patterns of the current waveforms which flow through the output smoothing capacitor as seen in Fig. 4 . According to the waveforms patterns, the quantity of the charge fluctuation on the discharge and charge time is calculated by selecting the field for being easy. From above reason, the case which shows a triangle shape waveform is defined as Form1. And also, the case which shows a rectangle shape's waveform is defined as Form2 as well. From I c B sin < 0, a range of the duty ratio in case of Form1 is given by
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)
The condition which the waveform changes is determined by the ratio of the average inductor current I L sin to the ripple current's amplitude I Lpp sin , I Lpp sin /I L sin . From I c B sin ≥ 0, a range of the duty ratio in case of Form2 is d sin 2 ≥ 1 2 · I Lpp sin I L sin · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)
The range of the charge fluctuation ΔQ c sin 1 is described as following by calculating the square of a triangle part at a range of the equation (7) on Form1 in Fig. 4 .
· · · · · · · · · · · · · · · · · · · · · (9) Likewise, the range of the charge fluctuation ΔQ c sin 2 is represented as following by calculating the square of a rectangle part at a range of the equation (8) on Form2 in Fig. 4 .
· · · · · · · · · · · · · · · · · · · (10)
Now, the output ripple voltage is measured and the validity of the derived equation is discussed from the experimental point of view. The measurement value from the experiment is compared with the theoretical value of the ripple voltage with the following equation (11) .
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (11)
The circuit parameters are shown in Table 1 . The theoretical value of the output ripple voltage for the duty ratio from 0.1 to 0.7 is depicted as a solid line in Fig. 5 . The measurement result of the output voltage ripple from the experiment with the same circuit parameter is plotted in Fig. 5 . As a result, the theoretical value agrees with the measurement value in close proximity, and hence the validity of the calculation equation regarding the quantity of the charge fluctuation ΔQ c is verified.
Characteristic Analysis of Multi-phase Method
In this section, a charge characteristic analysis of the output smoothing capacitor of a non-coupled multi-phase boost chopper circuit in Fig. 6 is carried out. In case of the multiphase method, the characteristic of the output capacitor current i c changes on the border of the duty ratio 0.5 because each phase of the current overlaps each other in the output side. Accordingly, separating the cases of d < 0.5 and d ≥ 0.5 is required on analysis. Furthermore, each phase of the variation related to parasitic parameters doesn't exist when analyzing and also, each phase of the average current is assumed to be equal.
First, the case of d < 0.5 is investigated. Each phase of the diode current is defined as i d1 and i d2 respectively, and then the current waveforms of the output capacitor in case of d < 0.5 is shown in Fig. 7 . As depicted in Fig. 7 , it is understood that the output capacitor current which each phase of the diode current overlaps is generated under the condition of d < 0.5. In this time, each peak value of the output capacitor current is given by
Where, I dp is the peak diode current, I Lpp is the ripple current of the inductor. The charge quantity of the discharge and charge time is delivered with these equations of the peak value. The time integrated value of the output current I o is equal to the sum of each phase of the diode current i d1 and i d2 for one switching cycle. Hence, 2 · 1 2 · I dp + I dp − I Lpp · T off = I o · T s · · · · · · · · · · · (16)
On the other hand, the relational expression of peak diode current value I dp , average inductor current I L , and inductor ripple current I Lpp are described as I dp = I L + 1 2 · I Lpp · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(17)
Using the equations (16), (17), the output current I o is expressed as
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (18) From same point of view concerning single-phase method, the waveform is separated to three patterns, Form1, Form2 and Form3 as shown Fig. 8 . Form1 is given as the case that a calculation part of the positive current is a triangle shape, Form2 is defined that the case of a calculation part of the positive current is a trapezoid shape, and Form3 is given as the case that a calculation part of the negative current is a triangle shape respectively. In case of Form1, a range of the duty ratio, d mul d<0.5 1 is as follows from I c B mul < 0.
The condition which the waveform changes is determined by the ratio I Lpp mul /I L mul of the average inductor current I L mul and the ripple current's amplitude I Lpp mul . In case of Form3, a range of the duty ratio, d mul d<0.5 3 is as follows from I c C mul ≥ 0
· · · · · · · · · · · · · · · · · · · (20)
A range of Form2 is in the field between Form2 and Form3. Therefore, a range of the duty ratio, d mul d<0.5 2 is given by
· · · · · · · · · · · · · · · · · · · · · · · · · (21)
Next, the quantity of the charge fluctuation ΔQ c is derived with these three ranges. In the range of equation (19) where the waveform of Form1 is formed, the quantity of the charge fluctuation ΔQ c mul d<0.5 1 is expressed as
L mul I Lpp mul · T s · · · · · · · · (22) Likewise, in the range of equation (21) where the waveform of Form2 is formed, the quantity of the charge fluctuation ΔQ c mul d<0.5 2 is represented as
· · · · · · · · · · · · · · · · · · · (23) And also, in the range of equation (20) where the waveform of Form3 is formed, the quantity of the charge fluctuation ΔQ c mul d<0.5 3 is described as
Then, the case of d ≥ 0.5 is examined. Each phase of the diode current doesn't overlap and flows into the output capacitor under the condition of d ≥ 0.5. Thus, the generated output capacitor current becomes such as Fig. 9 . In this case, the waveform pattern is equal to the one of the single-phase method. However, the current which flows into the output capacitor shows the double frequency of the switching frequency and then the cycle of the waveforms becomes half because the switching pattern cycle for the switches is shifted with a 180 • . In this moment, each peak value of the output capacitor current is derived as follows.
I c E mul = I dp − I o · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (25) Analysis of Output Voltage Ripple in Multi-Phase Converter Jun Imaoka et al. Table 2 . Circuit parameters (non-coupled multi-phase) Fig. 11 . Output voltage ripple of the non-coupled multiphase boost chopper circuit I c F mul = I dp − I Lpp − I o · · · · · · · · · · · · · · · · · · · · · · · (26) Where, I dp is the peak value of the diode current, I Lpp is the ripple value of the inductor current. The charge quantity of the discharge and charge time is described with these equations.
The output current I o becomes such as the equation (18) in case of d ≥ 0.5 as well. By means of this, from the same point of view concerning single-phase, the waveform pattern is separated as shown Fig. 10 . At this point, from I c F mul < 0, a range of the duty ratio, which is d mul d≥0.5 1 , is given by d mul d≥0.5 1 < 1 2 + 1 4 · I Lpp mul I L mul · · · · · · · · · · · · · · · · · · (27) And also, from I c F mul ≥ 0, in case of Form2, a range of the duty ratio, which is d mul d≥0.5 2 , is expressed as d mul d≥0.5 2 ≥ 1 2 + 1 4 · I Lpp mul I L mul · · · · · · · · · · · · · · · · · · (28)
In a range of the equation (27), the range of the charge fluctuation ΔQ c mul d≥0.5 1 is represented as
Likewise, in the range of equation (28), the range of the charge fluctuation ΔQ c mul d≥0.5 2 is described as
L mul I Lpp mul · T s · · · · · · · · · · · · · · · · (30) Now, the output ripple voltage is measured and then the validity of the derived equation for the charge fluctuation is discussed. The ripple voltage ΔV c is expressed as the equation (11) and the theoretical value of the ripple voltage is compared with the experiment value. In this experiment, using the current balance control, each phase of the average current is balanced (13) (14) .
The theoretical value of the output ripple voltage from the duty ratio 0.1 to 0.7 with the circuit parameters in Table 2 is depicted in Fig. 11 . On the other hand, the experimental result of the output voltage ripple with the same circuit parameters is plotted in Fig. 11 . From this result, in case of multi-phase method, the output ripple voltage obtains lower up to the duty ratio 0.5 gradually, and from the duty ratio 0.5, the output ripple voltage becomes larger. Moreover, the theoretical value agrees with the experiment value closely. As a result, the validity of calculation equation concerning the quantity ΔQ c of the charge fluctuation for a conventional multi-phase boost chopper circuit is verified.
Characteristic Analysis of Transformer-Linked Method Multi-phase Boost Chopper Circuit
A charge characteristic analysis of the output smoothing capacitor for transformer-linked multi-phase boost chopper circuit in Fig. 12 is now discussed. In case of the transformerlinked multi-phase boost chopper circuit, the characteristic of the output capacitor current i c changes on the border of the duty ratio 0.5 such as a conventional multi-phase method. Accordingly, separating the conditions of d < 0.5 and d ≥ 0.5 is required for analysis. Furthermore, each phase of the variation related to parasitic parameters doesn't exist when analyzing and also, each phase of the average current is assumed to be equal.
Firstly, the case of d < 0.5 is investigated. Assuming that each phase of the diode current are i d1 and i d2 respectively, the output current waveform with d < 0.5 is described as Fig. 13 . In case of transformer-linked method, the inductor current is changed by the influence of each phase of the switching operation because the inductors of each phase are linked by the transformer. In this paper, the width of the inductor current is assumed as complete twice frequency current for making the analysis simple. It is understood that each of the diode current overlaps and the output capacitor current is generated under the condition of d < 0.5 in Fig. 13 . In this time, each peak value of the output capacitor current is as follows.
I c A mtl = 2I dp − I o · · · · · · · · · · · · · · · · · · · · · · · · · · · · (31) I c B mtl = 2I dp − 2I Lpp − I o · · · · · · · · · · · · · · · · · · · · · (32) I c C mtl = I dp − I Lpp − I o · · · · · · · · · · · · · · · · · · · · · · · (33) I c D mtl = I dp − I o · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (34) Where, I dp is the peak value of the diode current, I Lpp is the ripple value of the inductor current. The charge quantity of the discharge and charge time can be derived with these (17), the output capacitor current I o of transformer-linked method is the same as the equation (18) as with a conventional method. From the same point of view such as single-phase method, the waveform pattern is divided to three forms as shown in Fig. 14. Form1 is described that the case of a calculation part of the positive current is a triangle shape, Form2 is defined that the case of a calculation part of the positive current is a trapezoid shape, and Form3 is that the case of a calculation part of the negative current is a triangle shape respectively. In case of Form1, a range of the duty ratio, d mtl d<0.5 1 is as follows from I c B mtl < 0. d mtl d<0.5 1 < 1 2 · I Lpp mtl I L mtl · · · · · · · · · · · · · · · · · · · · · · · (35)
The condition which the waveform changes is determined by the ratio of the average inductor current I L mtl to the ripple current's amplitude I Lpp mtl , I Lpp mtl /I L mtl . In case of Form3, a range of the duty ratio, d mtl d<0.5 3 is as follows from I c C mtl ≥ 0 d mtl d<0.5 3 ≥ 1 2 − 1 4 · I Lpp mtl I L mtl · · · · · · · · · · · · · · · · · · · (36)
A range of Form2 exists in the field between Form2 and Form3. Accordingly, a range of the duty ratio, d mtl d<0.5 2 is given by
Next, the quantity of the charge fluctuation ΔQ c is derived with these three ranges. In the range of equation (35) where the waveform of Form1 is formed, the quantity of the charge fluctuation ΔQ c mtl d<0.5 1 is expressed as
L mtl I Lpp mtl · T s · · · · · · · · (38) Likewise, in the range of equation (37) where waveform of Form2 is formed, the quantity of the charge fluctuation ΔQ c mtl d<0.5 2 is represented as
· · · · · · · · · · · · · · · · · · · (39) And also, in the range of equation (36) where waveform of Form3 is formed, the quantity of the charge fluctuation ΔQ c mtl d<0.5 3 is described as
L mtl I Lpp mtl · T s · · · · · · · · · · · · · · · (40) Each phase of the diode current doesn't overlap and flows into the output capacitor under the condition of d ≥ 0.5. Thus, the current waveforms of transformer-linked method are also the same as a conventional multi-phase boost chopper. The quantity of the charge fluctuation and the field division related to the charge calculation is the same as a conventional method as well. For that reason, it is understood that the quantity ΔQ c mtl d≥0.5 1 of the charge fluctuation on transformer-linked method shows the same calculation results as the equation (29). In the same way, the equation for the quantity ΔQ c mtl d≥0.5 2 of the charge fluctuation is equal to a conventional equation (30). The output ripple voltage is measured from the experiment and the validity of the derived equation is now discussed. The ripple voltage ΔV c is expressed as the equation (11), and then the theoretical value is compared with the measurement value. In this experiment, using the current balance control (13) (14) , each phase of the average current is balanced. The theoretical value of the output ripple voltage from the duty ratio 0.1 to 0.7 with the circuit parameters in Table 3 is depicted in Fig. 15 . On the other hand, the experimental result of the output voltage ripple with the same circuit parameters is plotted in Fig. 15 . From this result, in case of multi-phase method, the output ripple voltage becomes lower up to the duty ratio 0.5 gradually, and then from the duty ratio 0.5, the output ripple voltage becomes larger.
Moreover, the theoretical value agrees with the experiment value closely. As a result, the validity of calculation equation concerning the quantity ΔQ c of the charge fluctuation for the transformer-linked multi-phase boost chopper circuit is verified.
Comparison of Voltage Ripple Characteristic
Characteristic evaluation concerning downsizing of the output capacitor is now discussed by comparing the voltage ripple characteristic of three circuit topology which the validity is verified from the experiment. In this section, the relative evaluation between multi-phase method's output capacitor for downsizing is carried out. And meanwhile, the difference between conventional multi-phase method and transformerlinked multi-phase method is investigated. The comparison condition is that the ratio I Lpp /I L of inductor current ripple is 1/2, switching frequency f s is 50 kHz (T s = 20 µs), output current I o is 10A, and output capacitance C o = 10 µF for three circuit topology. We have to go through three steps in order to compare the capacitor voltage ripple of each circuit topology. Firstly, it is necessary to derive the range of the Secondly, the equations (9), (10) and (6) are applied on the boundary of this duty ratio respectively in case of singlephase method, and the quantity ΔQ c of the charge fluctuation is calculated. (The equations of the charge fluctuation corresponding to each duty ratio range in each method are shown in Table 4 ).
Finally, the voltage ripple ΔV c is expressed from equation (11) . Likewise, when this process is applied to the noncoupled and transformer-linked methods respectively, we can compare the voltage ripple ΔV c . Based on the above the procedure, the result of absolute comparison for the voltage ripple characteristics of output capacitor among three circuit topology are shown in Fig. 16 . From this figure, the amplitude of the output voltage ripples concerning the non-coupled and the transformer-linked methods are suppressed as compared with single-phase method in the all duty range. And also, to compare three methods relatively, the characteristic of ratio of the output voltage amplitude ΔV o mul /ΔV o sin is shown in Fig. 17 . This is the characteristic single-phase and conventional multi-phase methods to the duty ratio. Likewise, the characteristic of the amplitude of the output voltage ripple regarding single-phase and transformer-linked multiphase methods to the duty ratio is plotted in Fig. 17 . As seen in Fig. 17 , the amplitude of the output voltage ripple con-cerning the non-coupled method and the transformer-linked method are suppressed less than half of single-phase method in the all duty range. Furthermore, it is confirmed that the reduction of the amplitude of the output voltage ripple less than one-tenth around the duty ratio 0.5. And also, the characteristic which conventional method of the amplitude of the output voltage ripple becomes smaller than transformer-linked method is described in the portion of the range less than the duty ratio 0.5. This reason is the equations (22) and (38), (24) and (40) are different on the result of analysis concerning the charge fluctuation on the output capacitor. In the duty ratio less than 0.5, the quantity of the charge fluctuation on the output capacitor depends on the ripple form of the flowing diode current because the each phase of the diode current overlaps. The diode current of transformer-linked method in Fig. 13 is affected by applying the coupled inductor and each phase of the switching operation. Owing to this reason, on the non-coupled and the transformer-linked methods, the ripple forms of the diode currents which flow through the output capacitor are different even though their ripple ratio is corresponded. Especially, this difference of the ripple form influences to the peak value of the output capacitor's current. The current I c A mul of the non-coupled method obtains larger under the condition which the ripple ratio is the same even when comparing the current I c A mtl of the transformerlinked method. Accordingly, the quantity of the charge fluctuation of the Form1 of non-coupled and transformer-linked methods derive from the current I c A mul and I c A mtl so that the disparity to the quantity of the charge fluctuation occurs such as the equations (22) and (38) in the same multi-phase method. Likewise, the disparity of the current I c C mul of non-coupled method and I c C mtl of the transformer-linked method due to the difference ripple form of the diode current between the non-coupled and transformer-linked methods. Consequently, it is considered that there is the different quantity of the charge fluctuation between Form3 of the non-coupled and transformer-linked methods. These different characteristic is not much bigger and a factor for denying usefulness of transformer-linked method.
Conclusions
The miniaturization possibility of the output capacitor in the transformer-linked method boost chopper system is evaluated and discussed in this paper. From the comparative voltage ripple analysis of the output capacitor for the conventional non-coupled method and the transformer-linked method, it can be conclude that there is no difference of the output capacitor size in each type of converter from same capacitance value point of view. The experimental ratio data of the capacitor charge ripple suggest that the transformerlinked method power converter can achieve higher power density because of the performance of the downsized capacitor as compared with the conventional non-coupled method.
